Introduction {#Sec1}
============

The analysis of cellular behaviors is crucial for human disease diagnose and biomedical research. The existing automated cell tracking methods mainly focus on frame-by-frame association that can achieve high tracking accuracy in continuous image sequences \[[@CR1], [@CR2]\], but it still exists some problems due to noise or segmentation error. For example, when a false negative segmentation occurs among a neighboring cell cluster, the normal tracking methods may cause a track missing. To resolve the problem, many global spatio-temporal data association approaches have been proposed to associate multiple trajectories over time of which the most well-known are the Multi-Hypothesis Tracking (MHT) \[[@CR3]\] and Joint Probabilistic Data Association Filters (JPDAF) \[[@CR4]\]. In \[[@CR5]\], a batch algorithm, which utilizes information from all images in the image sequence, incorporates mitosis, apoptosis and other events into the same probabilistic framework for track linking. To reduce the computational cost, Huang *et* *al*. \[[@CR6]\] first generate reliable track fragments and then stitch them by Hungarian algorithm.

In this paper, we introduce an ant colony optimization \[[@CR7]\] based on heuristic approach linking potential tracks through minimizing the cost function that mainly occurs on the fragmented intervals with the constraint of maximum inter-frame displacement. In our work, each track segment is assumed to be associated with an ant colony. All ants in the colony start their foraging behaviors from the initial position of the track, and each ant makes decision via both the heuristic function and the pheromone intensity on the track. During decision, two events, namely, migration without mitosis and migration with mitosis, are considered to link the potential tracks with identical ancestry. As iterations increase, the trail pheromone field is continuously strengthened, and the trails with high pheromone intensity above a prespecified threshold are finally extracted. The rest of this paper is organized as follow: Sect. [2](#Sec2){ref-type="sec"} details our ant-inspired track-to-track recovery method. We provide our experimental results in Sect. [3](#Sec3){ref-type="sec"} and conclude this paper in Sect. [4](#Sec4){ref-type="sec"}.

Methods {#Sec2}
=======

Figure [1](#Fig1){ref-type="fig"}(a) illustrates an example of a set of broken cell tracks produced by an automated tracking algorithm, where cell occlusion, erratic motion and division probably cause the undetected candidates, while the presence of clutter usually generates a set of short track candidates. In order to construct correct cell lineage trees, a track recovery approach is needed to link the associated broken tracks and remove the false alarms, as shown in Fig. [1](#Fig1){ref-type="fig"}(b).Fig. 1.Examples of broken tracks and overall trajectories
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An one-one mapping is defined between a track and an ant colony. With the known cell states of each track, we put a group of ant colony starting foraging from the initial position of a tracklet. Then each ant makes decision to move to the next cell in sequence with constraint of maximum inter-frame displacement.
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As iterations increase, the trail pheromone field is continuously strengthened. Once reaching the maximum value of iteration, the trails with high pheromone intensity above a prespecified threshold $\documentclass[12pt]{minimal}
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                \begin{document}$$\varepsilon _{2}$$\end{document}$ are finally extracted by morphological operations. The main framework of our method is summarized in Algorithm 1.

Experimental Results {#Sec3}
====================

To test the performance of our proposed track recovery method, we implemented it in MATLAB(R2014a) on a 2.6 GHz processor computer with 16G random access memory. In this section, we use two image sequences from publicly available website at <http://www.celltrackingchallenge.net/>. The two cell image sequences include real N2DL-Hela+ dataset and pancreatic stem cell dataset. With the reliable track fragments results, our track recovery method proved to be effective. The parameters used in our approach mainly focus on ant colony setting, we have $\documentclass[12pt]{minimal}
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                \begin{document}$$\rho =0.3$$\end{document}$. The initial value of the pheromone field is $\documentclass[12pt]{minimal}
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                \begin{document}$$t_{max}=20$$\end{document}$. We find that three factors of similarity score in (4), i.e., area, distance and deformation of cells, are crucial to the recovery of mitotic events, which affects the track accuracy. To observe the effect of these factors on similarity score, we compare the performance of different combinations using several measure metrics.

The track recovery results on two cell image sequences are, respectively, shown in Fig. [2](#Fig2){ref-type="fig"} and Fig. [3](#Fig3){ref-type="fig"}, which illustrate the track recovery results including lineages and cell contours based on the raw fragmented tracks.Fig. 2.Track recovery results of N2DL-Hela+ dataset Fig. 3.Track recovery results of pancreatic stem cell dataset (Color figure online)

In N2DL-Hela+ dataset, there are 25 tracklets with different track colors before track recovery in Fig. [2](#Fig2){ref-type="fig"}(a), which is generated by cell erratic motion, cell division, and cell occlusion. After the proposed recovery method, the true reliable tracks have been stitched to be 19 entire trajectories as shown in Fig. [2](#Fig2){ref-type="fig"}(b). From the lineage trees as shown in Fig. [2](#Fig2){ref-type="fig"}(c), the track segments marked in red circles have been correctly linked into longer trajectories as illustrated in Fig. [2](#Fig2){ref-type="fig"}(d). In pancreatic stem cell dataset, the 35 tracks in Fig. [3](#Fig3){ref-type="fig"}(a) including false positives and false negatives have been recovered to be 25 entire tracks, and false positive tracks are removed as shown in Fig. [3](#Fig3){ref-type="fig"}(b). The comparison lineage trees are also shown in Fig. [3](#Fig3){ref-type="fig"}(c) and Fig. [3](#Fig3){ref-type="fig"}(d) with red circle marks.

Obviously, our track recovery method can fix broken tracks and restore mitotic events, and finally can obtain the whole reliable cell lineage trees. Figure [4](#Fig4){ref-type="fig"} shows the resulting trail pheromone field. The color corresponds to pheromone intensity, and the trails with the amount of pheromone greater than a prespecified threshold are extracted.Fig. 4.2-D trail pheromone field

For performance evaluation, we use the complete tracks (CT) \[[@CR8]\], which shows how good an approach is at reconstructing complete reference tracks and is defined as $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$CT=\dfrac{2T_{rc}}{T_{gt}+T_{c}}$$\end{document}$, where $\documentclass[12pt]{minimal}
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                \begin{document}$$T_{rc}$$\end{document}$ denotes the number of completely reconstructed reference tracks, $\documentclass[12pt]{minimal}
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                \begin{document}$$T_{gt}$$\end{document}$ denotes the number of all reference tracks and $\documentclass[12pt]{minimal}
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                \begin{document}$$T_{c}$$\end{document}$ denotes the number of all computed tracks. To jointly evaluate the errors of label and cardinality of tracks, the metric of optimal sub-pattern assignment metric for track (OSPA-T) \[[@CR9]\] is introduced as well. We compare the performance of different combinations of three factors of similarity score in (4), i.e., area, distance and deformation of cells, as shown in Table [1](#Tab1){ref-type="table"}. We observe that the performance is better when all three factors are taken into account simultaneously, in which the mitotic events are accurately detected.Table 1.Performance measure of different combinationsDatasetMetricCTOSPA-TArea and distanceN2DL-Hela+0.762.56Pancreatic stem cell0.842.95Area and deformationN2DL-Hela+0.862.32Pancreatic stem cell0.872.86Distance and deformationN2DL-Hela+0.812.45Pancreatic stem cell0.872.86Area, distance and deformationN2DL-Hela+0.952.17Pancreatic stem cell0.912.74

Conclusion {#Sec4}
==========

In this paper, we proposed an ant-inspired track recovery approach linking potential tracks through minimizing the cost function that mainly occurs on the fragmented intervals with the constraint of maximum interframe displacement. Through constant iterations, the completed repaired trails were obtained through minimizing total cost. It is demonstrated that our proposed approach successfully obtain reliable cell trajectories and lineage trees by stitching sets of true track segments and reconstructing missing mitosis branching.
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